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SELF-DIFFUSION IN LIQUID WATER 5119 
is to be noted that the diffusion coefficients as calcu-
lated from viscosity data, of methyl and ethyl alcohols 
follow an Arrhenius temperature dependence with acti-
vation energies of about 4 kcal/mole. While hydrogen 
bonding may well have a role in these liquids also, the 
absence of the extensive three-dimensional network 
probably makes its influence less important than in 
water. 
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Individual line strengths and self-broadened half-widths have been measured in the second overtone 
band of hydrogen fluoride. The electric dipole matrix element for the band has been determined from the 
measured strengths. Its value is: 
(31 /I(T) 1 0) •• p=+1.628Xl()--21 esu·cm. 
The m dependence of the measured half-widths agree with the Anderson theory of collision broadening if 
off resonant collisions are taken into account. 
INTRODUCTION 
Collision broadened molecular vibration-rotation 
line parameters continue to be of importance for a 
variety of applications. For example, strength and 
width parameters are required for analytical predic-
tions of radiative transfer within complex gaseous 
mixtures. Also, the electric dipole matrix element of a 
molecular transition may be determined from line 
strengths measured by absorption spectroscopy, and 
the electric dipole moment function may be empirically 
modeled using the matrix elements!-3 Determination of 
the dipole moment permits the calculation of radiative 
lifetimes and absorption strengths of lines not measur-
able in the laboratory, e.g., fundamental and overtone 
vibration-rotation lines involving levels for which 
V>O, and for which J is not sufficiently populated to 
permit observation. Collision broadened line half-
widths supply information about molecular collision 
processes particularly with regard to the validity of 
collision broadening and collision deactivation theories. 
Also, measured line half-widths may yield molecular 
electric multipole parameters of the active species and 
its collision partners. 
In the present investigation, line strengths, and self-
broadened half-widths in the second overtone band of 
hydrogen fluoride have been measured. The primary 
motivation of the investigation was to obtain a better 
definition of the HF dipole moment' for the calculation 
of radiative lifetimes of vibration-rotation lines lying 
well above the ground state. These lifetimes are re-
quired for an understanding of HF chemical laser per-
formance as well as other applications for which 
radiative strengths of excited HF are required. 
MATRIX ELEMENT CALCULATIONS 
The connection between the strength of a vibration-
rotation spectral absorption line and its electric dipole 
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matrix is, for a diatomic molecule, 
S () _ 8r I m 1 v exp[ -T(VI, lz)hc/kT] 1 (vu1u 1 J.I.(r) 1 vI11 >12 
'v .• 1 m - 3hckTZ X 1.0135 X loa. (1) 
The matrix element I ,v"lu 1 J.I.(r) I v111) 1 is given by 
the expression 
1 (vu1u 1 J.I.(r) 1 vIlz) 1= f¥;vuJ.J.I.(r)t/I.,J,r2dr. (2) 
The symbols used in the expressions above are as 
follows: S is the line strength in units (atm.cm2)-1, 
v is the wavenumber of the transition, Z is the vibra-
tion-rotation partition function, T(VI, 1 /) is the term 
value of lower level, k is Boltzmann's constant, T 
is the temperature in deg. Kelvin, J.I.(r) is the radial 
electric dipole moment function, and m is -11 for the 
P branch, +1" for the R branch. 
The matrix elements are functions of the internuclear 
potential through the wavefunction t/I(r) , and they 
are functions of the form of the electric dipole moment 
J.I.(r). The most commonly used function J.I.(r) is the 
truncated polynomial expansion J.I.(np) 
(3) 
n 
The matrix elements ±(vu1" I J.I.(r) 1 Vz}/)exp may be 
determined from individual line strengths SCm) from 
Eq. (1). The line strengths may be obtained from the 
measured absorption coefficient of the transition, k(v), 
through the relationship 
SCm) =P-l f k(v)dv. 
line 
(4) 
Where P is the pressure of the absorbing gas. On the 
other hand, the matrix elements (and hence the line 
strengths) may be calculated if the polynomial coef-
ficients M n , and the wavefunctions t/I are known.4 
In the present investigation, the parameters Mn have 
been determined from line strength' measurements in 
various overtone bands through simultaneous solution 
of equations of the form 
;=0 
for v=O, 1·· ·vmax • (5) 
Where Vmax is the upper vibrational quantum number 
of the highest overtone measurement available. The 
matrix elements have been calculated by numerical 
integration of Eq. (2). Wavefunctions t/I •. J were ob-
tained by solving Schrodinger's equation using finite 
difference equations. The RKR potential function was 
used including the vibration-rotation interaction term 
1(1+1)/r2. 
LINEWIDTH CALCULATIONS 
The Anderson theory has been used with consider-
able success to calculate self-broadened half-widths of 
spectral lines of simple molecules.a.5 •6 In this theory, 
the half-width h) is related to the real part of the 
total cross section (u) through the relation 
-rem) = (nv/2c) (u/-rr) , (6) 
where v is the mean relative collision velocity and n is 
the number density at one atmosphere and at temper-
ature T. The cross section is written as the statistical 
average of the partial cross sections of each rotational 
state (12) of the perturbing molecule. 
u/-rr= Z-l .L: [u(12) hr]g exp( - EJ2hc/kT) , (7) 
where g is the degeneracy of the perturbing state. The 
partial cross sections are in turn related to the impact 
parameters b(12) and S(b) which contains the details 
of the collision through the relationship 
u(h) =2/'" S(b)bdb. (8) 
11" 0 
In what follows, the functional dependence of b(12) 
on 12 will be suppressed in the interest of clarity. 
S(b) may be expressed in terms of multipole inter-
actions for b>O as 
3 
S(b) = .L: [L L C.b-2(·+l)g.lj.(k. I )], (9) 
s= 1, 2, and 3 represent the dipole-dipole, dipole-
quadrupole, and quadrupole-quadrupole contributions, 
respectively. The g.1 are functions of Clebsch-Gordan 
coefficients, and the j.(k) are resonance factors.6•7 
The parameter k is essentially the energy "defect" of a 
near resonant collision. The coefficients C. and the 
parameter k are as follows, 
C1= (4/9) [J.l.o4/(liv)2], 
C2= (4/45)G.to2Q2/(IiV)2], 
Ca= (1/25) [(24/ (1iV)2], 
k •. t = (211"cb/v) 1 (6E).1 I. (10) 
For polar molecules such as HF, Anderson's ap-
proximation # 2 5 is appropriate 
S(b) = 1 b~ bo, 
S(b) < 1 b>bo. (11) 
Integration of Eq. (8) then gives 
u(12) /11"= b02+ L C.bO- 2'g. tF.(ko), (12) 
I •• 
where ko is the k. t evaluated at b(12) = bo(12) , and where 
Eq. (11) has been applied to Eq. (9) to determine 
bo(12) . 
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In practice, Eq. (12) can be used only for collision 
partners J 2 for which the long range forces dominate. 
If this is not the case, bo must be determined empirically, 
or a model such as the resonant dipole billiard ball 
model must be used.B 
TABLE I. Measured line parameters. 
Pressure 
Line Parameter 0.467 atm 0.932 atm 
P(4) S 0.0175 cm-2'atm-1 
'YIP 0.430 cm-1'atm-1 
kP 0.0127 cm-1 
P(3) S 0.0235 0.0232 
'YIP 0.503 0.502 
kP 0.0149 0.0144 
P(2) S 0.0245 0.0235 
'YIP 0.506 0.509 
kP 0.0154 0.0146 
P(l) S 0.0164 0.0164 
'YIP 0.447 0.488 
kP 0.0116 0.0107 
R(O) S 0.0193 0.0188 
'YIP 0.397 0.430 
kP 0.0154 0.0139 
R(l) S 0.0327 0.0310 
'YIP 0.443 0.427 
kP 0.0234 0.0231 
R(2) S 0.0353 0.0308 
'YIP 0.453 0.400 
kP 0.0248 0.0245 
R(3) S 0.0287 0.0299 
'YIP 0.412 0.434 
kP 0.0222 0.0219 
R(4) S 0.0188 0.0159 
'YIP 0.331 0.295 
kP 0.0182 0.0172 
R(5) S 0.0099 0.0103 
'YIP 0.254 0.256 
kP 0.0124 0.0127 
R(6) S 0.0039 0.0038 
'YIP 0.164 0.167 
kP 0.0074 0.0072 
EXPERIMENTAL 
Measurements were performed with a three meter 
focal length EBERT spectrometer constructed by 
Marshall.9 A 600 groove/mm Bausch and Lomb 
replica grating blazed at 1.6 J,£m was used in second 
order, double passed. An average spectral resolution 
of 0.07 cm-1 across the second overtone band of HF 
was obtained. 
TABLE II. Experimental matrix elements. 
(V'I' I,,(r) I vJ> .. P 











Wavelength calibration was achieved using the HF 
lines themselves since accurate line positions are well 
known.10,ll Resolution checks were made using krypton 
and xenon Geissler tube emission lines. 
Determination of scattered light is particularly dif-
ficult in· this spectral region (11 500 cm-1) since 
molecular absorption strengths are too weak to permit 
observation of opaque lines, without very long path 
lengths. It was found that the required extinction could 
be obtained from a 0.09 molar concentration of neo-
dymium (+3) in a 1 normal solution of nitric acid. 
Although the absorption lines of Nd+3 are broad, it was 
found that the strongest of the lines could be made 
sufficiently opaque while leaving sufficient window 
transmittance. Scattered light determined in this way 
was less than 1%. 
A silicon photo-voltaic detector, cooled to -79°C, 
was used for all measurements. Light from a 1000 W 
quartz iodine source was modulated at 90 Hz, and the 
signal was amplified by a Princeton Applied Research 













(0 I ,,(r) I O) •• p= 1.819XI0-18 esu'cm 
(tl,,(r) I 0) .. p=9.850X1O-20 esu·cm" 
(21,,(r) I O) •• p= -1.253XI0-20 esu·cmb 
(31,,(r) I 0) •• p=+1.628XlO-21 esu·cm 
" Reference 15. 
b Reference 3. 
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FIG. L Comparison of measured and calculated hydrogen fluoride 
matrix elements. 
Corporation lock in amplifier, Mod. HR8, and was 
displayed on a Leeds and Northrup chart recorder. 
An absorption cell having an optical path length of 
33 cm was used for all measurements. The cell was 
constructed of monel with sapphire windows and had a 
design identical to that reported earlier.3 The gas 
handling system was also similar to that described in 
Ref. 3. As before, the cell, gas manifold, and a teledyne 
pressure transducer were maintained at 100°C while 
the cell was filled with HF, and, during the measure-
ments, the cell was immersed in a bath of gently 
boiling water. These and other gas handling precautions 
were used to avoid the effects of polymerization of HF 
at room temperature, the absorption of HF by the 
cell walls, and the reaction of HF with exposed metal 
surfaces. 
Observed linewidths, peak values of absorption 
coefficient, and integrated absorption coefficients were 
taken directly from the chart recorder and corrected 
by the direct measurement method. The entire pro-
cedure was the same as described in an earlier publica-
tion.12 
EXPERIMENTAL STRENGTHS, WIDTHS, AND 
MATRIX ELEMENTS 
Line strengths, widths, and peak absorption coef-











I 'I I '" I 
·6 ·4 ·2 0 2 4 6 8 
m 
<>-0 Experimental, P = 0.932 atm 
/l-/l+/l-Q+Q.Q 
/l-/l 
/l = 1.866 X 10.18 esu·cm 
Q = 5.000 X 10.26 esu.cm 2 
/l J 2 = l.819 X 10 ·18 esu·cm 
FIG. 2. Comparison of 
measured and calculated 
half-widths_ 
correction factors tabulated in Ref. 12. Table I shows 
the corrected values for pressures of 0.932 and 0.467 
atm. Dipole moment matrix elements, given in Table 
II, were obtained by averaging the measured strengths 
and using Eq. (1). 
Since band strength measurements determine only 
the square of the rotationless matrix elements, the m 
dependence of the matrix elements must be used to 
remove the sign ambiguity. This is feasible in the case 
of HF since its vibration-rotation interaction is quite 
large. The signs determined in this manner are listed 
in Table III along with the present value of 
(3 I /J.(r) I O)exp and the preferred dipole moment 
coefficients of /J. ( 3 P ). The correctness of this choice of 
sign is indicated in Fig. 1 where the experimental 
matrix elements are compared with calculations using 
both the preferred /J.(3P) and that based on the 
negative matrix element. The wavefunctions used in 
the calculations were computed numerically using the 

















FIG. 3. Origin of the difference between P and R branch half-
widths_ 
calculated with a program written by Zare13 using the 
spectroscopic data of Johns and Barrow" as input. 
A comparison of the observed and calculated half-
widths is shown in Fig. 2. Listed also are the dipole 
and quadrupole moments used in the calculations. 
For the radiating molecule, /J. was taken as a weighted 
average between its v= 0 and v= 3 values while the 
v=O dipole moment was used for the perturbing 
molecule. The same quadrupole moment was used in 
both cases. The lower curve shows the widths obtained 
from Eq. (6) considering only dipole-dipole contribu-
tions. The upper curve includes contributions through 
quadrupole-quadrupole. The comparison is quite 
good, indicating that the theory properly accounts for 
the energy defects. As predicted by the theory and 
verified with the fundamental band and first overtone 
band of HP, the R branch lines are narrower than 
the corresponding P branch lines, for small I m I, 
and the linewidths decrease progressively with in-
creasing ~v. The tendency of the calculated values to 
lie below the experimental curve is not unexpected, 
since forces of shorter range than quadrupole have not 
been explicitly accounted for. 
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The m dependence of the linewidths arises from the 
product of the J2 dependent collision cross section 
and the Boltzmann factor. This is shown in Figs. 
3 and 4. Figure 3 depicts the case where the spectral 
line involves energy levels near the Boltzmann max-
imum. The Boltzmann distribution for the v= 0 levels 
of the colliding molecule and the partial cross sections 
contributed by the J 2 states are shown. It is seen that 
the contributions for m= +2 and m= -2 are not 
identical and that the Boltzmann distribution is more 
favorable for the P branch lines, causing it to be 
broader than the corresponding R branch line. 
Figure 4 describes the case of lines whose energy 
levels are far from the Boltzmann maximum. The 
partial cross sections for the two branches are more 
comparable in this case, and the Boltzmann distribu-
tion does not favor either branch. It can be seen that 
the resonant and near resonant terms are eliminated 
by the Boltzmann factor and that the dominant con-
tributions are now the off resonant terms. These terms 
are nearly equal and tend to a constant value as the 
energy defect I1E increases. This produces nearly equal 
half-widths for the P and R branches for large I m I. 
This is essentially the assumption of the resonant dipole 
billiard ball model (RDBBM) 8 and is in agreement 
with measured first overtone half-widths. If it is as-
sumed that the constant value of the cross section is 
given by u(J2) = 7rbMin2, the calculations predict a 
value bMin'"'-5.6X 10-8 cm. This compares well with 
the half-widths reported in Ref. 3. 
The contributions of the higher order terms (dipole-
quadrupole, quadrupole-quadrupole) may be inferred 
from Fig. 2. Although these terms are not as large as 
the resonant or near-resonant dipole terms, they be-
come increasingly significant as the stronger terms 
move into the wings of the Boltzmann distribution. 
Figure 5 clarifies this by showing the partial cross 
sections calculated from dipole-dipole interactions 
alone and those calculated using all interactions 
through quadrupole-quadrupole. The increase in 
0-(1), u(2), u(3), and u(4) due to the higher order 
terms, significantly alters the calculated half-widths 
i' 0.3 ,-----~-=----=--m-=-.:-10-P-(-1 0-)--' 
c:: 0.25 -·-m=+10 R(9) ION 
OrE
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FIG. 4. Explanation of the "billiard ball" parameter bm;o. 
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FIG. 5. Influence of the wQ and Q.Q interactions on the half-
widths. 
since these levels are heavily weighted by the Boltz-
mann factor. 
CONCLUSIONS 
This investigation confirms earlier indications that 
self-broadened spectral linewidths can be reliably pre-
dicted by Anderson-type theories using long-range 
multipolar molecular interactions. Although the HF 
molecule represents the extreme case of small moment 
of inertia and large dipole moment, the striking agree-
ment between theory and experiment indicates that 
linewidths may be calculated accurately if proper 
account is taken of nonresonant effects. It is also con-
firmed that the effects of vibration-rotation interaction 
diminish with increasing I1v, in agreement with theory. 
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